The upper airways are a major site of congenital and acquired pediatric airway obstruction. Airway size information can be used for pre-surgical planning and post-treatment assessment. The aim of this research is to develop a greater understanding of the growth and variation of the normal pediatric airway to assist a surgeon in optimizing the outcomes for patients by increasing efficiency and accuracy. The standard imaging tool for measuring airway geometry has been CT (computed tomography), but to eliminate the risks of radiation exposure during prospective studies, we have developed an image analysis system to measure airway geometry in MR (magnetic resonance) images of the upper airway. Six adult patients that had CT and MR images of a normal airway were used as the training set to optimize the segmentation cost function to find the appropriate 3D surface. 25 normal pediatric subjects were segmented and measured and then compared to the segmentations of three experts. Dice similarity coefficient and boundary point distances were used for comparison metrics. The automated segmentations correlated well and were not significantly different from those from the group of experts. A group of 90 children were measured and plotted against age, gender, zscores for weight and height. In an attempt to model growth, cross-sectional area showed a significant correlation with a 4 th degree polynomial of age. This work demonstrates that MR imaging can be used for measuring the pediatric upper airway and to develop growth models to assist in pre-surgical planning.
INTRODUCTION

Purpose
The upper airways are a major site of congenital and acquired pediatric airway obstruction. Airway size information can be used for pre-surgical planning and post-treatment assessment. The standard imaging tool for measuring airway geometry has been computed tomography, but to eliminate the risks of radiation exposure, prospective studies of normal pediatric subjects for the construction of growth models are more likely to use magnetic resonance imaging. We have developed an image analysis system to measure airway geometry in MR images of the upper airway. The aim of this research is to develop a greater understanding of the growth and variation of the normal pediatric airway. We hope that such a growth model can assist a surgeon in optimizing the outcomes for patients by creating an objective measure to determine if surgery is necessary and also increasing efficiency and accuracy of the surgeries.
Background
There is a significant rate of morbidity and mortality associated with congenital and acquired pediatric airway obstruction. Symptoms usually present in the first year of life and may worsen with increased activity, development of an airway tract infection, or the existence of multiple anomalies 1 . The simplest approach to provide a stable airway is to perform a tracheotomy, but that requires complex care with its own complications 2 . Treatment of these children can be challenging because the relative impact of each abnormality is unknown 3 . Other surgical procedures to reconstruct the obstructed airway require detailed knowledge of the normal pediatric airway and its variation across individuals 4 . This is important as many patients require multiple surgeries and a possible tracheotomy if the first procedure is not effective. Some surgeries are performed under cardio-pulmonary bypass so reducing the length of the operation should improve outcomes and lessen the complication rate 5 . Establishing the characteristics of the normal airway and congenital abnormalities is imperative to quantitatively assess if a reconstructed airway is enlarged enough to provide sufficient airflow. MR and/or CT images can be used to measure, segment, and visualize the in vivo airway. Modeling tools have been developed to create computer models of the airway from such images. These models can be used to study air flow, and to understand how each abnormality contributes to restricted flow. A physical model of the airway can also be constructed using 3D printing technologies. Physical models allow surgeons to better visualize the diseased airway and plan how the available tissue should be used to remodel the airway. We hypothesize that this tool can optimize the initial surgery for these patients. A previous study completed in 1986 used CT imaging to find the range of tracheal lengths, cross-sectional areas, anterior-posterior and transverse diameters, as well as tracheal volumes in a population of normal children. They compared the measurements with the age of each patient. Patient scans were retrospectively obtained, initially acquired as a search for pulmonary metastases 6 . CT imaging with the associated radiation exposure risks are not safe to prospectively image a normal control pediatric population without clinical benefit for the pediatric patient. The software developed in this study is designed to use MR imaging to avoid the radiation risk. MR has been used to study the abnormalities that lead to obstructive sleep apnea syndrome (OSAS) in children by quantifying the total upper airway volume and cross-sectional area at expected sites of restriction in the nasopharyngeal and oropharyngeal regions 7 . The approach we have developed is similar to previous work with CT images 8 . Using this new segmentation and measuring tool, our objective is to characterize the normal and deformed airway in hopes to correlate the measurements with age, height, weight or BMI. If there are good correlations, these regularly recorded demographics could be used as indicators for how large a child's airway should be and in turn, can assist a surgeon in optimizing the outcomes for the patient by increasing their efficiency and accuracy during the initial surgical procedure.
METHODS
Retrospective Image Collection
Two groups of patients were collected to train and test the segmentation algorithm. Institutional Review Board approval was obtained to search for images. The training set was a group of six adults with MR and CT images of their trachea. Previously validated software was used to measure the trachea in the CT images and provide a gold standard. Adult patients were used to train because we expected their airways would stay approximately the same shape and size in both the CT and MR images even if they were not imaged the same day. The test data set was a group of 25 pediatric patients whose ages ranged from 2 to 18 years. The MR images collected were T1 weighted images and all of the images were declared to have normal airways.
Initial Segmentation and Preprocessing of MR images
An initial region growing operation is performed to highlight the approximate location of the trachea. The image was then cropped around the trachea to speed the graph search algorithm. Using the centroids of the initial segmentation on each axial slice of the images as the center points, the image was resampled normal to the centerline of the trachea. This provided true cross-sectional measurements. The image was then transformed to polar coordinates by unwrapping about the centerline of the trachea. The cylindrical tracheal-lumen boundary was then represented as a plane and could be input to the graph search algorithm.
Optimization of the segmentation cost function using measurement from CT images
The cost image is created using a weighted combination of gradients, graylevel and position of voxels in the image to determine which voxels most likely belong to the air-trachea boundary. The voxels that are most heavily weighted are the dark voxels, close to the center of the image which also lie on an edge. A representative cost function is shown in Equation 1. There are three parameters (α,β,γ) can be changed to influence the weight of each component.
There are four images that contribute to the cost function. I is the original image, normalized so that values of 0 are the darkest and values of 1 are the brightest. I' and I'' are the first and second derivative respectively. distanceFromCenter is an image that is 0 at the center and 1 at the edges of the image. Finally, a Boykov-Kolmogorov maximum-flow based algorithm utilizing a forward-star graph finds the optimal surface through a graph defined using this cost function. The graph algorithm has two input parameters (Δx, Δy) that allow for or constrain the flexibility in the surface. A commercial software package, Pulmonary Workstation (VIDA Diagnostics, Coralville, IA), measures airway geometry in CT images and was used as the gold standard. Six adult patients with matching, normal CT and MR scans were chosen for this optimization. To have the ability to compare the measurements of the CT and MR scans at corresponding levels of the trachea, the images were registered. Under the assumption that the patient was in a similar position when both the CT and MR images were acquired, 3D Slicer's Fast Rigid-Registration module was used to register the images. Mutual information was used as the metric. In order to initialize the algorithm, they were manually aligned within 3D Slicer. The parameters of the cost function (α,β,γ ) as well as the graph algorithm (Δx, Δy) were manipulated to produce results that mimicked the airway measurements from the CT images. The square difference of cross-sectional area was used as the error metric. The parameter combinations were ranked separately for all six patients and then summed to produce and overall ranking for that parameter combination. The exploration of the error space was accomplished by inspection in two steps. No optimization algorithm was used. First, a wide scope analysis of the parameter space was explored to demonstrate the approximate local minimum. Then, a more focused analysis produced a specific set of parameters that were optimal.
Error Estimation
To estimate the error that would be expected if a new trachea was measured, each training case was left out of the training and used as a test set. The error, which was measured as difference in cross-sectional area, was converted to a representative diameter. Also, the error was represented as a percent of the actual cross-sectional area.
Comparison of manual and automatic segmentations
The optimal parameter set settled on during the optimization process with six adult datasets was used to measure a pediatric population consisting of 25 normal individuals. To confirm that the automatic segmentations were comparable to segmentations by a group of experts, two otolaryngologists and one radiologist outlined the trachea on 5 arbitrary axial slices from each MR image. Each segmentation, including that of the automatic algorithm, was compared to the other three using the Dice Similarity Coefficient and boundary point (BP) error. Different results for BP error are obtained depending on which segmentation is used as the reference points. Therefore, both segmentations are used as the reference points and the average BP error is calculated.
Creation of growth model
The average of the cross-sectional measurements was used as the single metric for each trachea. Regression analysis was used to identify any contribution that age, gender and z-scores for height and weight have in predicting to the size of the trachea. Any of the measurements could be used as the dependent variable but for this study the average diameter of the trachea was used. It was assumed that age was the greatest contributor to the variance. A statistical test was performed to test which degree polynomial fit the size metric with age. Next, gender and the z-scores for height and weight were entered into the model and tested for significance. All statistical analysis was performed using SAS version 9.3. 
RESULTS
The optimization process was able to locate a local minimum in the parameters of the cost function. Figures 1 and 2 depict the error space from a wide and a narrow view respectively. Each parameter set received a ranking based on the performance when used to measure each training set. Figure 2A . A wide view of the error space during optimization. Red and blue are representative of high and low error ranking and correspond with the values on the z-axis. Figure 2B . A narrow view of the error space during optimization. The graph is a focused view of the pink box on Figure 2A . Red and blue correspond to high and low error ranking respectively but are relative to this graph.
Leaving one training case out as a test case to predict the error, Table 1 shows the deviance of the measurements from the MR image as compare with Pulmonary Workstation's measurement of the corresponding CT scan. Equivalent Diameter is the cross-sectional area error converted to a linear unit by assuming the area was circular. Since no CT scans were available to compare measurements of pediatric tracheas in MR images, three experts outlined the trachea on five axial slices. Overlap and boundary points between the automatic and the manual segmentations are compared in Figures 3 and 4 , respectively. In terms of the Dice Similarity Coefficient, the automated segmentation showed the 3rd best agreement to the other segmentations. The histogram shows that the magnitude of the boundary point error amongst each of the segmentations is approximately the same. Error (mm) After training with adult images, measurements of pediatric tracheas from MR images were acquired and used to create a growth model of the airway. For this study the average diameter of the trachea was used as the size metric. First, a linear model was used then the complexity was increased by increasing the degree of the polynomial. A fourth degree polynomial increased the R-squared metric and was a significant contributor to the variance. (p≤0.05) This model is shown in Figure 5 . A fifth degree polynomial provided no additional explanation of the variance. Gender and z-scores for height and weight did not supplement age in the model. 
DISCUSSION
This work introduces the use of CT measurements as a training tool for a new algorithm for measuring airways using magnetic resonance images. The program produced similar results to those of physician experts. If an automated segmentation was compared to a physician's manually defined segmentation, the two would not be distinguishable. There are many limitations that inhibit the accuracy of the measurements from being ideal. The data processed in this study were from many different types of clinical acquisitions so acquisition parameters were not strictly regulated. Obtaining prospective images that are acquired specifically for quality of the airway should only improve the accuracy of the automated program. A good process has been developed to train the program for any group of images. Eventually, it will be necessary to optimize the cost function parameters for a pediatric population. While doing so, it may be beneficial to have flexibility in the parameters depending on the size of the airway. Using the initial region growing to estimate the size of the airway, the parameters could be a piece-wise function based off of size.
There is potential to the growth models developed from age. The results show that a 4th degree polynomial describes the relationship between the smallest part of the normal trachea and age well. Our hypotheses were not proved true in that, gender, height and weight did not play a statistically significant role in describing the variance in airway size. If more patients were collected, there is potential to show that they are significant factors. There seems to be a much smaller variation in younger patients when comparing dimensions of the trachea. In this sample size, age is the only statistically significant predictor of minimal tracheal size in a normal population. In the future, more patients will be added into the model to make tighter age-dependent confidence intervals.
